Extracts from nodavirus-infected Drosophila cells contained detergent-labile 140S "young" particles much richer than mature virions in their content of protein alpha, a precursor of coat proteins beta and gamma. Incorporation studies in infected cells showed that most newly synthesized alpha protein was assembled into young particles within a few minutes. Incubation of the particles, either in cytoplasmic extracts or after purffication, resulted in spontaneous first-order cleavage of alpha protein to form beta-plus-gamma chains. Alpha protein that was not associated with particles failed to cleave. Cleavage was accompanied by a marked increase in detergent stability of the particles and was unaffected by a broad spectrum of protease inhibitors or by coating with precipitating antibody. We conclude (i) that alpha chains are cleaved only after assembly into provirions, (ii) that cleavage occurs internally and is likely therefore autocatalytic, and (iii) that cleavage stabilizes the mature virus particles.
Viruses of the family Nodaviridae are attractive objects for the study of the synthesis, assembly, and structure of simple spherical virions. Black beetle virus (BBV), for example, grows exceptionally well, yielding as much as 0.1 mg/ml of infected Drosophila culture (12) . In addition, viruses of the family Nodaviridae are among the smallest and simplest viruses known. The BBV genome consists of only 4,505 nucleotides (9) , split between two singlestranded, messenger-active RNAs, 1 and 2. Only three gene products are known: a putative replicase protein A (104 kilodaltons [kDa] ) from RNA 1; a protein B (10 kDa) of unknown function from an RNA 1-derived subgenomic RNA 3; and a coat precursor alpha protein (47 kDa) from RNA 2 (13, 14) . Finally, the structure of the protein shell of BBV is now known to atomic dimensions (18) , and structural studies on two other serologically distinct nodaviruses, Nodamura virus and flock house virus (FHV), are well under way.
The protein shell of mature virions is composed of 180 protomers, most of which contain two polypeptides, beta (43 kDa) and gamma (5 kDa), derived by proteolytic cleavage of a precursor protein, alpha (13) . Virions also contain small but variable amounts of alpha protein. Amino-terminal sequencing of the gamma chains (18) , coupled with the known nucleotide sequence of virion RNA 2 (8) , showed that this cleavage of the 407-amino-acid alpha chain occurred between Asn residue 363 and Ala residue 364, indicating that gamma represented 44 relatively hydrophobic carboxy-terminal amino acids. Localization of the cleavage site does not, however, reveal the morphogenetic step at which proteolysis occurs, the protease involved, or the function of this event in the virus life cycle. We show here that alpha chains are cleaved only after assembly of the protein shell has been completed and that this cleavage is probably autocatalytic and is accompanied by an increased stability of the virus. Thus, the final step in nodavirus morphogenesis appears to be analogous to picornavirus maturation from provirions, characterized by unstable particles containing viral RNA and an abundance of precursor 1AB chains in the capsid (11, 15, 17) .
MATERIALS AND METHODS Virus. Nodavirus strain W17, which has been cloned (10) , was originally thought to be a variant of BBV (26) . However, cross-neutralization tests with hyperimmune antisera and cross-hybridization assays with minus-stranded W17 RNAs (T. Gallagher, Ph.D. thesis, University of Wisconsin, Madison, 1987) show that W17 virus is not BBV, but FHV, a nodavirus originally isolated from Costelytra zealandica larvae (25) .
Cells. The WR subline of Schneider line 1 cells (24) was propagated in 490-cm2 roller bottles (catalog no. 25130; Coming Glass Works, Coming, N.Y.) at 0.5 rpm in complete growth medium (CGM) consisting of Schneider culture medium (23) added. After a 1-h labeling period, medium was removed and the adhered cell monolayer was dissolved in SDS buffer. Acid-insoluble radioactivity was determined on duplicate 20-,ul (5 x 104 cells) lysates by liquid scintillation spectroscopy. For coat protein alpha synthesis, 1 h before the indicated times, complete growth medium in wells was replaced with 0.5 ml of methionine-deficient medium containing [35S]methionine (100 ,uCi/ml). One hour later, the medium was removed, monolayers were rinsed, and cell sheets were dissolved in SDS buffer. (b) Electrophoretic pattern of infected-cell lysates from the above experiment. Samples representing 105 cells were electrophoresed as described previously (14) . The amount of coat protein alpha synthesized during each pulse was quantified from the autoradiogram (panel b) by scanning densitometry, and the resulting values were plotted in arbitrary units (panel a).
Cleavage of coat protein alpha in cell extracts. The absence of cleaved protomers (containing proteins beta and gamma) in the cell lysates ( Fig. 1) . . . . . . . . . , . . . . _ . w . s s t . . --. . . . . . . . . . . . . . . . . . . Dependence of alpha cleavage on assembly. That viruslike particles were the source of the spontaneously cleaving alpha chains was shown by analyzing extracts from infected radiolabeled cells on sucrose gradients (Fig. 3) . About half of the newly synthesized protein (dotted line) cosedimented with mature virions (solid line, peak B). The other half remained in peak T, near the top of the gradient.
Peak fractions from the gradient were then collected and incubated at 22°C for 2 h or 24 h, and each sample was then electrophoretically examined for cleavage of the alpha chain.
As seen in Fig. 3 (inset) , the bulk of the coat protein, about 90%, was found in peak B; after the 2-h incubation, less than half of the alpha protein was cleaved to beta and gamma chains, but cleavage was nearly complete by 24 h (compare inset lanes 2 and 4). The small amount of alpha protein found in peak T showed no corresponding evidence of specific cleavage to beta and gamma chains. Rather, the alpha chain found in peak T was completely intact at 2 h and appeared to have been partially degraded by 24 h to an unidentified product migrating faster than beta chains (compare inset lanes 1 and 3 in Fig. 3 ). The bulk of protein B, which is unrelated to coat protein, was also found in peak T. The minor peaks sedimenting between peaks T and B contained barely detectable amounts of coat protein alpha (not shown); thus, these peaks represent possible assembly intermediates which merit further attention, but they were not further examined in this study.
These results indicated that 90% of the alpha chains synthesized at 15 to 16 h were rapidly assembled into 140S provirion particles. Cleavage to beta and gamma chains followed assembly, whereas this specific proteolysis did not occur in free coat protein.
Rapid kinetics of provirion assembly is followed by slow maturation cleavage. Continuing rapid synthesis of viral RNA even after decline of protein synthesis (Fig. 1) and the very rapid assembly of coat protein into virions (Fig. 3) suggested that the alpha subunit might be a limiting viral macromolecule in virion assembly. To (Fig. 4) indicated that a 5-h chase period was required to introduce 20% of the radiolabeled viral RNA into virions, whereas 85% of the labeled coat protein was virion associated after a chase of only 10 min.
Once assembled, coat protein alpha decay was relatively slow. At 22°C (Fig. 2) , the half-life of alpha chains was about 4 h, at least 25 times longer than the time required for assembly. A similar half-life was observed at 26°C and 37°C; however, at 6°C, the alpha cleavage rate was even slowertwo days were required for 50% cleavage (data not shown).
The kinetics of cleavage was studied in detail at 22°C by using provirions purified by two different methods: sedimentation through a sucrose gradient or immune precipitation with neutralizing antibody. For gradient-purified virus (Fig.  SA) , cleavage followed first-order kinetics for 8 h, with an alpha half-life of 3.6 h. virion, the rate of proteolysis decreased. By 24 h, the number of alpha chains reached 25 to 27 and did not thereafter decrease any further. The rate of alpha cleavage in purified particles was essentially identical to that seen in the crude extract (Fig. 2) , indicating that proteases or other cytoplasmic factors removed during purification had no effect on the cleavage rate.
Isolation of these particles on sucrose gradients required about 2 h before the first sample could be measured for cleavage (Fig. SA) . Direct immune precipitation of provirions from cytoplasmic extracts could be accomplished in less than an hour. Moreover, the cleavage rate in immuneprecipitated material (Fig. SB) was identical to that obtained by the sucrose gradient method, indicating that alpha cleavage was unaffected by antibody binding to the virus surface.
The kinetics of alpha cleavage was similarly unaffected by the addition of a wide range of protease inhibitors. Leupeptin, soybean trypsin inhibitor, phenylmethylsulfonyl fluoride, para-chloro mercuriphenyl sulfonate, N-ethylmaleimide, and zinc chloride, when added to cytoplasmic extracts at 1 to 10 mM concentrations, had no effect on the cleavage of alpha chains (data not shown). These results are consistent with an inaccessible cleavage site buried deep inside the protein shell.
Stability of provirions. In vitro maturation of provirions was accompanied by a marked decrease in sensitivity to anionic detergents and urea (Table 1 ). The provirion was most sensitive to SDS, followed by sarcosyl, deoxycholate, and urea. EDTA, a chelator of divalent ions, had little apparent effect on provirion stability.
Virions matured by in vitro incubation were largely resis- Hours at 220 C.
FIG. 5 . Kinetics of alpha cleavage in virions at room temperature after purification by sedimentation on sucrose gradients (A) or by immunoprecipitation with neutralizing antiserum (B). Samples were removed from purified [35S]methionine-labeled virus at hourly intervals, heated in the presence of SDS, and subjected to electrophoresis. Alpha-and beta-specific radioactivity was quantified from the resulting autoradiograms by laser densitometry. The results were corrected for the alpha/beta methionine ratio (10:9) and plotted by assuming the sum of alpha and beta chains per virion to be 180. tant to all of the agents. However, the more powerful detergents, SDS and sarcosyl, did disrupt one-third and one-fourth of the mature particles, respectively ( Table 1) . Analysis of the products of sucrose density gradients showed that much of the disrupted mature virus sedimented only slightly more slowly than undegraded virions, at about 100S. Electrophoretic examination of the protein and RNA in this 100S peak revealed that it contained all mature virion components except for the gamma protein, which was found at the top of the gradient (data not shown). Selective loss of the small internally located gamma protein from W17 virions thus resembles the selective loss of the small internally located VP4 protein in picornaviruses (7) .
Disruption of provirions inhibited maturation cleavage, and the degree of inhibition was correlated with the extent of Mature virions were prepared by incubating the extracts for 24 h at room temperature before treatment. Treated extracts were analyzed for surviving 140S particles by sedimentation of each sample through a linear 11-ml 5 to 20% sucrose density gradient. Radioactivity in each peak was normalized to that found in the control sample (56,000 dpm). dH20, Distilled water. b Divalent cations were added at the indicated concentrations to freshly prepared extracts, and sensitivity of 140S particles to 1% SDS treatment was tested immediately thereafter (provirion) and after a 24-h incubation (mature virion) as described in the text. .......................................  21  1 M urea .........................................  24  20 mM EDTA........................................ . 36 a Cytoplasmic extracts, prepared as described in Table 1 , footnote a, were incubated for 8 h at 22°C. Portions of each sample were then subjected to electrophoresis. The extent of alpha chain cleavage was determined by densitometric analysis of the resulting autoradiogram. dH20, Distilled water. disruption (Table 2 ). This observation supports the idea that cleavage occurs only after virions have been assembled.
Effect of calcium and magnesium on detergent lability of provirions. Provirion sensitivity to detergent was observed only in the absence of calcium and magnesium. Addition of CaCl2 (0.01 M) rendered both provirions and mature virions completely resistant to 1% SDS treatment (Table 1) . MgCl2 (0.01 M) had a similar but slightly less potent stabilizing effect. Thus, these divalent cations, which are known to play key roles in the stabilization of both plant (4, 19) and animal (5) viruses, also serve a similar function in stabilizing this insect virus.
DISCUSSION
We have shown here that cleavage of nodavirus coat precursor alpha occurs only after the production of the virion particle; unassembled alpha protomers did not cleave, although they may have suffered some nonspecific degradation when incubated in cell extracts. Maturation cleavage was accompanied by an increase in stability of the virion. The final step in morphogenesis of nodaviruses is similar in both respects to maturation of provirions in picornaviruses (11, 15) . The ability of detergent to selectively dislodge gamma protein from nodavirus particles matured in vitro from provirions is also reminiscent of the selective loss of VP4 during denaturation or uncoating of mature picornavirions (7).
Nodavirus morphogenesis. A model illustrating our current understanding of nodavirus synthesis and assembly is shown in Fig. 6 . Provirion assembly occurred very quickly; 85% of newly synthesized coat protein is directed into provirions within 10 min. The rate of virion RNA encapsidation, on the other hand, is relatively slow. Thus unpackaged RNA accumulates in infected Drosophila cells, but coat precursors do not. It is not surprising, therefore, that viral RNA synthesis continues at a high rate for hours after peak production of coat protein (Fig. 1) . The lack of any prominent
[35S]methionine-labeled peaks in the sucrose gradient (Fig.   3 ) is consistent with rapid provirion assembly and probably reflects a short life of intermediates in vivo. This pattern of viral macromolecule synthesis differs from that seen in picornavirus-infected cells (2, 3) , where newly synthesized RNA appears to be the limiting factor and coat precursors accumulate appreciable pools of intermediates such as 14S pentamers and 70S empty capsids.
Do biphasic cleavage kinetics betray differences in folding architecture in one of the three identical chains which constitute the asymmetric unit? The slow rate of maturation cleavage, with a half-life of 3.6 h at 22°C, contrasts sharply with the rapidity of provirion assembly. This has provided a unique opportunity to isolate provirions in quantity sufficient for analysis of cleavage kinetics. Two stages were observed. In an early stage, about 8 h long, about two-thirds of the chains were cleaved with first-order kinetics; this was followed by a second stage with much slower cleavage of about half of the remaining chains. One explanation is that the virus population contained a minor fraction of maturationdefective particles.
A much more interesting possibility is that this biphasic curve reflects structural differences in folding of the tails in protomers occupying the three quasiequivalent domains of the 60 asymmetric units that make up the 180-subunit surface (Fig. 7) . The principles of icosahedral symmetry require that identical proteins within the asymmetric unit cannot occupy identical positions (6) . With BBV, this condition is accommodated at least in part by differences in folding of protomer tails (Fig. 7) . Thus, the carboxy-terminal tail of a protomer at the quasiequivalent C-domain is tucked into a hinge at the B-joints (60 per virion), while the tails of the protomers at the S-joints (120 per virion) are not. Rapid (18) . The presence of an arm at the B-joint, but not at the S-joints, is also observed in tomato bushy stunt virus (16) and southern bean mosaic virus (1) . crystallographic evidence suggests that the cleavage site is buried deep within the virion shell near the RNA core. Second, virions appear to contain no proteins other than coat protein (see, e.g., Fig. 1 
